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Lactic acid bacteria (LAB) (n = 152) in African pearl millet slurries and in the metagenomes of amylaceous
fermented foods were investigated by screening 33 genes involved in probiotic and nutritional functions. All
isolates belonged to six species of the genera Pediococcus and Lactobacillus, and Lactobacillus fermentum was the
dominant species. We screened the isolates for the abilities to survive passage through the gastrointestinal
tract and to synthesize folate and riboflavin. The isolates were also tested in vitro for their abilities to survive
exposure to bile salts and to survive at pH 2. Because the ability to hydrolyze starch confers an ecological
advantage on LAB that grow in starchy matrixes as well as improving the nutritional properties of the gruels,
we screened for genes involved in starch metabolism. The results showed that genes with the potential ability
to survive passage through the gastrointestinal tract were widely distributed among isolates and metagenomes,
whereas in vitro tests showed that only a limited set of isolates, mainly those belonging to L. fermentum, could
tolerate a low pH. In contrast, the wide distribution of genes associated with bile salt tolerance, in particular
bsh, is consistent with the high frequency of tolerance to bile salts observed. Genetic screening revealed a
potential for folate and riboflavin synthesis in both isolates and metagenomes, as well as high variability
among genes related to starch metabolism. Genetic screening of isolates and metagenomes from fermented

foods is thus a promising approach for assessing the functional potential of food microbiotas.

In Africa, many amylaceous fermented foods made from
cassava and cereals are used as gruels for the complementary
feeding of children under five during weaning. In Burkina Faso
and Ghana, ben-saalga and koko gruels prepared from fer-
mented pearl millet (Pennisetum glaucum) slurries are fre-
quently consumed by young children (36, 62). The microbiota
of these fermented foods is dominated by lactic acid bacteria
(LAB), which contribute to their nutritional and sanitary qual-
ities (9, 47). We are currently studying pearl millet-based fer-
mented slurries as a model (“ben-saalga model”) for investi-
gating the microbiota of this type of cereal-based food with the
aim of developing strategies to improve nutritional quality (26,
57, 62). Many studies have focused on the phenotypic diversity
of the LAB that compose the microbiota of tropical fermented
foods. However, their functional diversity in isolates and in
metagenomes remains to be described.

Since niche-specific adaptation has played a central role in
the evolution of LAB (41), the building of collections of bac-
teria from traditional fermented plant foods in tropical coun-
tries may enable the identification of a specific gene set that
differs from those of LAB isolated from dairy or bakery prod-
ucts. LAB from microbiotas of plant origin that are found in
traditional African foods may have probiotic characteristics (3,
28, 36). These bacteria first have to be selected for their ability
to survive passage through the gastrointestinal tract. Probiotic
functions may also be associated with other functions that are
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of interest for nutrition. This is of particular interest for at-risk
populations such as pregnant women and young children in
developing countries. For instance, the amylase activity of
some LAB helps increase the energy content of gruels for the
complementary feeding of young children through partial hy-
drolysis of starch in the food matrix (46, 57) but also helps
sustain the growth of the microbiota of starchy foods (15, 62).
Other functions—for example, folate and riboflavin synthe-
sis—may improve the quality of the food matrix and may be
beneficial for the host. Folate deficiency can lead to neural
tube defects, early spontaneous abortion, and megaloblastic
anemia, while riboflavin deficiencies can result in growth fail-
ure, inflammation of the skin, or vision deterioration (40, 52,
53). LAB capable of producing B vitamins could be used for
fortification of cereal-based foods (27) and as probiotics (27,
54). In this way, bacteria that combine different functional
characteristics could be useful for developing improved or new
foods made from local raw materials that target specific nutri-
tional needs and health issues. However, phenotypic analysis of
probiotic and other functional traits is time-consuming, espe-
cially when a large number of bacteria have to be tested at the
same time, and takes even longer when different functions
(survival in the gastrointestinal tract, synthesis of compounds
of interest, degradation of different factors, etc.) have to be
taken into account. On the other hand, advances in our knowl-
edge of the genetic diversity of LAB and the increasing number
of sequenced LAB genomes mean that the functional proper-
ties of LAB strains can be studied more easily at the molecular
level (31, 35, 63). From an ecological point of view, screening
of the genomes of isolates in the same food niche and in food
metagenomes will enable mapping of the distribution of genes
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related to specific functions and hence evaluation of the quality
of the fermented food that may be linked to its microbiota.

In the present study, a collection of 152 LAB from ben-
saalga and the metagenomes of starchy fermented foods were
investigated by screening for genes involved in probiotic and
nutritional functions. Among the many functional traits de-
scribed in the literature, we selected genes for which at least
one functional analysis had already been performed. The aim
of screening was to detect genes involved in survival in the
gastrointestinal tract, in starch metabolism, and in folate and
riboflavin synthesis. In addition, we investigated the ability of
selected isolates to survive in vitro exposure to low pHs and bile
salts.

MATERIALS AND METHODS

Fermented samples, bacteria, and culture conditions. Bacterial isolates (n =
178) from fermented pearl millet slurries sampled in 12 different traditional
production units in Ouagadougou, Burkina Faso, were randomly isolated on De
Man, Rogosa, and Sharpe (MRS) agar plates. Preliminary characterization
showed that 152 of these isolates were Gram positive, catalase negative, and
non-spore forming and that they produced lactic acid or an equimolar ratio of
lactic acid and ethanol from glucose; these were assigned to the LAB group. The
positive controls used for gene screening were Pediococcus pentosaceus ATCC
25745, Leuconostoc mesenteroides ATCC 8293, Lactobacillus plantarum A6
(LMG 18053), L. plantarum WCFS1, L. plantarum ATCC 14917, Lactobacillus
fermentum TFO 3956, L. fermentum ATCC 14931, L. fermentum Ogi E1 (CNCM
1-2028), L. fermentum MW2 (CNCM 1-2029), Lactobacillus johnsonii NCC533,
Lactobacillus reuteri ATCC 23272, and Lactobacillus brevis DSM1268. All LAB
were routinely cultured at 30°C in MRS broth (Difco, Le Pont de Claix, France).

For metagenome analysis, samples of fermented pearl millet slurries were
collected in five small production units in Ouagadougou, Burkina Faso, after 16 h
of fermentation. In addition, a sample of wheat sourdough fermented for 20 h
from a traditional bakery in Montpellier, France, and a sample of cassava fer-
mented for 24 h (attiéké) from a local market at Abidjan, Ivory Coast, were
screened. Samples were stored at —20°C until DNA extraction.

DNA extraction. Because the food samples were very sticky, 3 g was diluted
three times in 0.9% (wt/vol) NaCl, centrifuged twice for 10 min at 1,000 X g and
4°C to eliminate the starch, and then centrifuged for 10 min at 10,000 X g and
4°C to pellet the bacteria. The final pellet was then washed one more time in
0.9% (wt/vol) NaCl. DNA was extracted from the pellets of food samples and
from the pellets of overnight pure cultures using the Wizard genomic DNA
purification kit (Promega, Charbonnieres, France) with an additional lysis
step using an amalgamator with zirconium beads (VWR, Fontenay-sous-Bois,
France). First, the cells were lysed with 0.1-mm-diameter zirconium beads for
30 s, followed by 1 h of incubation at 37°C with lysozyme (40 kU; Eurobio) and
mutanolysin (10 U; Promega). According to the manufacturer’s instructions, cell
lysis was completed with the Nuclei lysis solution (Promega). RNA was removed
with the RNase solution (Promega) and proteins with the Protein Precipitation
solution (Promega). DNA was precipitated with isopropanol and washed with
70% ethanol. DNA quality was checked by separation on an agarose gel, fol-
lowed by ethidium bromide staining.

Molecular identification of bacterial isolates. For 16S rRNA gene sequencing,
primers WO001 (6) and 23S1 (GenBank accession no. J01695) (10, 25) were used
to amplify the 16S rRNA gene, including the intergenic region located between
16S rRNA and 23S rRNA. PCR products were sequenced by Eurofins MWG
GmbH (Ebersberg, Germany). Each sequence was identified by comparing it
with sequences from the Ribosomal Database Project I (RDP2) (http://rdp.cme
.msu.edu). Because of the high identity between the 16S rRNA gene sequences
of L. plantarum, Lactobacillus paraplantarum, and Lactobacillus pentosus, we
used the previously described multiplex PCR assay to precisely identify isolates
belonging to the L. plantarum group (61).

Primer design. Genetic screening was based on sets of genes involved in bile
salt tolerance, pH survival, biogenic amine synthesis (which is involved in pH
tolerance by releasing ammonium or by consuming protons in the intracellular
media of the bacteria), riboflavin synthesis, folate synthesis, and starch metabo-
lism. These genes are listed in Table 1. To detect their presence, the DNA
extracted from the isolates or from the metagenomes was screened by PCR
amplification. The primers for each PCR were designed by comparing sequences
from functional analysis with a genomic and protein database (NCBI) using the
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BLASTn, BLASTp, and BLASTXx algorithms (as of September 2010). This anal-
ysis was limited to the species identified during 16S rRNA gene sequencing.
Once selected, nucleotide sequences were aligned using the ClustalW program
(60) to generate a unique consensus sequence (19) for the design of the primers
with Primer3 software (55). When no data on the gene sequences of the bacterial
species in our collection were available, we used primers designed for other LAB
species reported in the literature. All primers were synthesized by Eurogentec
(Angers, France).

PCR amplification for the detection of genes of interest. Each PCR mixture
(20 pl) contained a reaction cocktail of 200 wM each deoxynucleoside triphos-
phate, 0.5 uM each primer, 3.5 mM MgCl,, 0.5 U of Tag DNA polymerase
(Promega), 10X Taq buffers, and 150 ng of the DNA template. The PCR
conditions were as follows: 1 cycle at 95°C for 5 min; 40 cycles of 95°C for 30's,
an annealing temperature depending on the primer for 10 s (Table 1), and 72°C
for 15 s; and 1 cycle at 72°C for 5 min. An Applied Biosystems Veriti thermal
cycler (VWR, Strasbourg, France) was used. The PCR products were separated
on an agarose gel, followed by ethidium bromide staining to check for the
presence of a unique amplicon. When a gene from a particular species was
amplified using a primer initially designed for a different species, the correspond-
ing amplicon was purified and sequenced by Eurofins MWG Operon (Germany).
The primers used for the sequence reaction were the same as those used for gene
screening.

In vitro determination of acid and bile tolerance. Acid and bile salt tolerance
was determined according to the method described by Valdez and Taranto (64).
Isolates (n = 38) that differed in the gene set related to their abilities to survive
low pHs and exposure to bile salts were selected. LAB were grown in MRS broth
at 37°C for 16 h and were centrifuged for 10 min at 10,000 X g. The pellets were
washed twice with phosphate buffer (0.1 M; pH 7.0) and were resuspended in 10
ml of phosphate buffer. For acid resistance tests, artificial gastric juice (0.2%
[wt/vol] NaCl, 0.32% [wt/vol] pepsin; Sigma, Saint-Quentin-Fallavier, France),
adjusted with 3 M HCI to pH 2 and pH 7 (positive control) and sterilized by
filtration (pore diameter, 0.20 wm; Terumo), was inoculated with 2% washed
bacteria, and the mixture was incubated at 37°C for 4 h. Viable cells were
counted by plating on MRS agar, and the results are expressed as the percentage
of the viable count that was living after 1, 2, 3, and 4 h of exposure. For bile salt
tolerance tests, MRS broth and MRS broth with 0.3% (wt/vol) oxgall (Sigma)
(MRSO) were inoculated with 0.5% washed bacteria and were incubated at
37°C. The absorbance at 560 nm (As4,) was measured at hourly intervals for 8 h.
The results are expressed as the time difference in growth in the two culture
media, measured by a 0.3-U increase in A5, during the early-exponential-growth
stage, as described by Gilliland et al. (21). All experiments were performed in
triplicate.

Nucleotide sequence accession numbers. The sequences of the 16S rRNA
gene amplicons have been deposited in the GenBank database under accession
numbers FR873843 to FR873994. The GenBank accession numbers for the
sequences of amplicons corresponding to the other genes are FR874135 to
FR874204.

RESULTS

Identification of LAB isolates. The 152 LAB isolates iden-
tified by sequencing of the 16S rRNA gene are listed in
Table 2. All the bacteria from our collection were shown to
be members of the family Lactobacillaceae, and identifica-
tion at the species level showed 99% similarity or higher
with the corresponding species in the RDP2 database. For-
ty-five percent of the sequences corresponded to L. fermen-
tum, 26% to P. pentosaceus, 10% to Pediococcus acidilactici,
18% to the L. plantarum group, and 1% to Lactobacillus
salivarius. The L. plantarum group comprised 14% L. plan-
tarum and 4% L. paraplantarum, but no L. pentosus was
found.

Primer design. In 58% of the 33 genes selected for which at
least one functional analysis had already been performed, no
conserved regions among Lactobacillaceae were identified, so
primers were designed at the species level (Table 1). Since
15% of the genes in the collection shared conserved regions,
designing the primers was easy, except for the primers target-
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TABLE 2. Identification of the bacteria isolated from 12 traditional production units by sequencing of the 16S rRNA coding gene

Species iIs\i)(iét(:: fs Designation(s) of isolate(s)* (n = 152)

L. fermentum 70 1.1, 1.10, 1.2, 1.3, 1.4, 1.5.1, 1.5.2, 1.6, 1.7.1, 1.7.2, 1.8, 1.9, 10.4, 11.1, 11.11.1, 11.11.2, 11.4, 11.5.1, 11.7, 2.10, 2.17.1,
2172,23,25,2.7.1,272, 28,29, 3.1, 3.10.1, 3.10.2, 3.2, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8, 3.9.1, 3.9.2, 4.10, 4.11.1,
4.11.2,4.2,45,4.7.1,4.7.2,48.1,482,49,5.1, 5.10, 5.11, 5.3.1, 5.4.2, 5.7, 6.10.1, 6.3, 6.4.1, 6.4.2, 6.5.1, 6.5.2,
6.6.1, 6.6.2, 6.7, 6.9, 7.4, 7.9.1, 8.2, 8.5.2

L. paraplantarum 6 4.1,2.2,73.1,44,78.1, 782

L. plantarum 20 2.1,6.2,241, 213,58, 11.3, 11.10, 5.9, 2.4.2, 11.6.2, 2.11.1, 11.5.2, 11.2, 2.6, 11.6.1, 5.2.2, 8.4, 6.1, 2.11.2, 2.12

L. salivarius 1 46

P. acidilactici 16 10.3.1, 10.3.2, 12.1, 12.11, 12.12, 12.2, 12.4.1, 12.4.2, 12.6, 12.7, 12.8.1, 12.8.2, 12.9, 9.12, 9.7, 9.8

P. pentosaceus 39 10.1, 10.5.1, 10.5.2, 10.6.2, 10.7, 11.8, 11.9, 12.5.1, 2.16.1, 2.16.2, 5.5.2, 5.6.2, 7.1, 7.10, 7.11, 7.2, 7.5.1, 7.5.2, 7.6, 7.7,

8.1.1, 8.10.1, 8.10.2, 8.12, 8.3, 8.5.1, 8.6, 8.7, 8.8, 8.9, 9.1, 9.10, 9.11, 9.2, 9.3.2, 9.4, 9.5.1, 9.5.2, 9.6

“ A total of 152 isolates were identified. Isolates are coded as follows. The first number corresponds to the unit production number (1 to 12), while the second number
corresponds to the numbering of isolates. All isolates were checked repeatedly for purity. For some isolates, additional purification steps were necessary, and a third
number was assigned to distinguish between isolates with different cell and colony morphologies.

ing the hdc, tdc, and aguA genes, for which we used those
reported in the literature (Table 1). All primers produced
amplicons of the desired size with a single band on the agarose
gel. Positive controls were made by testing the primers on the
DNA from reference strains containing the targeted genes
(Table 3).

Database analysis revealed that some genes were differently
distributed among species and strains. For example, at the
strain level, the 7ibG gene, involved in riboflavin synthesis, was
absent in the genome of L. plantarum WCFS1 but present in
the genomes of L. plantarum JDM1 and L. plantarum ATCC

14917. This was also the case for the LBA1679 gene, which
codes for an ABC transporter permease found in the genome
of L. fermentum 28-3-CHN but not in the genomes of L. fer-
mentum strains IFO 3956, ATCC 14931, and CECT 5716.
Some genes were present in different copy numbers with quite
different sequences depending on the species and strain. For
example, the bsh gene was present in four copies in the genome
of L. plantarum WCFS1 but only in one copy in P. pentosaceus
ATCC 25745. In those cases, we decided to focus on the bsh
(Ip_3536) sequence, whose role in bile salt survival had already
been demonstrated (34).

TABLE 3. Strains of lactic acid bacteria used as positive controls in PCR assays

Strain(s) used as positive control

Targeted
gene

Lactobacillus Sp. 30A .....c.coeuiiiiiiiiieteteeeteee et

L. brevis DSM1268

L. johnsonii NCCS533 ...c.coiiiiiiiiieeeteeeeeeee et
P. pentosaceus ATCC 25745 ...
L. plantarum WCEFS1, L. fermentum 1FO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293 ..
L. plantarum WCFS1, L. fermentum 1IFO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293 ..
L. plantarum WCEFS1, L. fermentum 1IFO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293
L. plantarum WCFS1, L. fermentum IFO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293
L. plantarum WCEFS1, L. fermentum 1FO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293 ..
L. plantarum WCFS1, L. fermentum 1IFO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293 ..
L. plantarum WCEFS1, L. fermentum 1FO3956, P. pentosaceus ATCC 25745
L. plantarum WCFS1, L. fermentum IFO3956, P. pentosaceus ATCC 25745
L. reuteri ATCC 23272 ...
L. plantarum WCFS1, L. fermentum IFO3956, P. pentosaceus ATCC 25745
L. plantarum WCEFS1, L. fermentum 1FO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293
L. plantarum WCEFS1, L. fermentum 1IFO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293
L. plantarum WCEFS1, L. fermentum 1IFO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293
L. plantarum WCEFS1, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293
L. plantarum WCEFS1, L. fermentum 1IFO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293
L. plantarum WCEFS1, L. fermentum 1IFO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293

L. plantarum WCFS1, L. fermentum IFO3956
L. plantarum WCFS1, L. fermentum IFO3956

L. plantarum WCEFS1, L. fermentum 1IFO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293
L. plantarum ATCC 14917, L. fermentum 1IFO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293

L. plantarum WCEFS1, L. fermentum 1FO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293 .............

L. plantarum ATCC 14917, L. fermentum 1FO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293
L. plantarum WCEFS1, L. plantarum ATCC 14917 ....ccccoviivninninineniineene.
L. plantarum ATCC 14917, P. pentosaceus ATCC 25745.........cccovveuvuence.
L. plantarum WCEFS1, L. fermentum 1IFO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293 ..
L. plantarum WCFES1, L. plantarum A6, L. fermentum Ogi E1, L. fermentum MW?2 ..........cccccccovviivnnninninniniciinnns

............................................................................................................ g IgP

L. plantarum WCFS1, L. plantarum ATCC 14917, L. fermentum ATCC 14931dexC
L. plantarum WCFS1, L. fermentum 1IFO3956, P. pentosaceus ATCC 25745, Leuconostoc mesenteroides ATCC 8293 ..........ccovuvvuiviininnad malP
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Cluster analysis of isolates and food metagenomes. The 33
genes detected with the primers listed in Table 1 were used for
cluster analysis of isolates and metagenomes from amylaceous
foods. The dendrogram in Fig. 1 shows intraspecies diversity
relative to the set of genes investigated. In some cases, isolates
grouped at the same level, indicating that they shared the same
gene profile. These groups were either homogeneous (com-
posed of isolates belonging to the same species) or heteroge-
neous (composed of isolates belonging to different species)
(Fig. 1). Cluster analysis of gene distribution in food metag-
enomes showed that the isolates from fermented pearl millet
slurries and attiéké (fermented cassava) clustered separately
from the isolates from wheat sourdough (Fig. 2). The pearl
millet samples were distributed into two subclusters.

Detection of genes involved in survival in the gastrointesti-
nal tract. The results of gene detection are presented in Fig. 1.
As expected, the housekeeping gene groEL, which is also in-
volved in survival at low pHs, was found in all isolates. Some of
the other genes involved in low-pH survival (clpL, 1r1516,
LBA1272, ditD, La995, La57) were found in 91% to 100% of
the bacteria from the collection, while others (gtf, aguA, odc,
tdc, hdc) were found in 0% to 4% of the isolates. For each gene
screened for low-pH survival, one amplicon obtained from
PCR amplification of DNA extracted from one isolate for each
species in the collection was sequenced. At least 91% similarity
was found with the corresponding gene in the reference strains
L. plantarum WCFS]1, L. plantarum ST-111, L. fermentum IFO
3956, P. pentosaceus ATCC 25745, Lactobacillus helveticus
DPC 4571, Lactobacillus curvatus HSCC1736, and Lactobacil-
lus suebicus CUPV221.

Most of the genes involved in bile salt tolerance (bsh, Ir1584,
LBAO0552, LBA1679, LBA1429, LBA1446, LBA1432, apf)
were detected in almost all isolates at a frequency of 92% to
100% (Fig. 1). In contrast, the LBA1679 gene was detected in
only 52% of the isolates, but never in those belonging to the L.
fermentum species. Because no other data were available,
primers designed on the basis of species absent from our bac-
terial collection were used to search for the 1r0085 gene (Table
1; Fig. 1). No amplification of this gene was obtained on any
DNA extracted from our isolates. The sequencing of 35 am-
plicons from DNA from different species showed 93% to 99%
similarity with the corresponding genes in the reference strains
of L. plantarum WCFS1, L. fermentum TFO 3956, and P. pen-
tosaceus ATCC 25745. Most of the bacteria isolated from the
pearl millet slurries exhibited a genetic profile favorable to
their survival in the gastrointestinal tract, and the distribution
of the survival-related genes was mostly not species specific but
was distributed equally among all the isolates of the six species
that make up the collection.

Survival at low pHs and in the presence of bile salts. On the
basis of the results of the molecular screening, 38 isolates
belonging to different species and/or differing in their genetic
equipment were selected for evaluation of their survival at low
pHs (Table 4) and in the presence of bile salts (Table 5).
Resistance to low pHs was estimated by incubating the isolates
in a pH 2 gastric juice solution to mimic stomach conditions.
As a control, we checked that all the isolates survived for at
least 4 h in the artificial gastric juice at pH 7. Among the 38
isolates tested, 55% survived for at least 1 h at pH 2, 34%
survived for 2 h, 18% for 3 h, and 11% for 4 h (Table 4). It is
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noteworthy that 91% and 33% of the L. fermentum isolates
survived for 2 and 4 h, respectively, whereas only 8% of the
isolates from other species survived for 2 h in the synthetic
gastric juice at pH 2.

Resistance to bile salts was evaluated by the ability of the
same 38 isolates to grow in MRSO medium. Most of the
isolates were resistant or tolerant to bile salts (Table 5). Only
three L. fermentum isolates, one P. pentosaceus isolate, and
Leuconostoc mesenteroides ATCC 8293 were sensitive or dis-
played low tolerance. Unlike that of low pH resistance, the
distribution of resistance or sensitivity to bile salts was not
linked to a particular species. We can thus consider that the
majority of the isolates have the potential to survive these
conditions.

Detection of genes coding for enzymes involved in the bio-
synthesis of riboflavin and folate. The potential of LAB iso-
lates to synthesize folate was assessed by screening for the
presence or absence of two signature genes, folP and folK (13),
encoding dihydropteroate synthase and 2-amino-4-hydroxy-6-
hydroxymethyldihydropteridine diphosphokinase, respectively
(Table 1). Almost all the bacteria in the collection were po-
tentially able to produce folate: 100% and 98% of the isolates
showed good amplification at the expected size for folP and
folK, respectively (Fig. 1). Only two P. acidilactici isolates failed
to display folK amplification.

LAB that were putatively able to synthesize riboflavin were
screened using the four genes involved in its production: ribA,
ribG, ribB, and ribH (Table 1; Fig. 1). These genes were found
in 92% to 98% of the isolates. In results similar to those of the
screening for genes involved in folate synthesis, P. acidilactici
had the lowest frequency of rib genes, with only half of the
isolates harboring ribG, while 94% to 100% of the isolates
belonging to the other species harbored this gene. The distri-
bution of the ribA, ribB, and ribH genes generally followed the
same pattern.

The sequences of the amplicons obtained with primers
whose design was based on the genes of other bacterial species
(Table 1) showed high similarity (80% to 100%) to the corre-
sponding genes in the reference strains L. fermentum IFO
3956, L. plantarum JDM1, L. plantarum WCEFS1, and P. pen-
tosaceus ATCC 25745.

Detection of genes involved in starch metabolism. Six genes
were screened to evaluate the potential of the isolates to pro-
duce enzymes involved in starch metabolism, from hydrolysis
of the macromolecules amylose and amylopectin (e.g., a-am-
ylase, neopullulanase) to hydrolysis of starch degradation
products such as maltose, enabling their entry into the glyco-
Iytic pathway (maltose phosphorylase, a-glucosidase). The iso-
lates differed considerably with respect to the presence or
absence of each gene (Fig. 1). Distribution of genes among all
the isolates were as follows: 79% for agl, 76% for gigP, 75% for
a-amy, 66% for malP, 54% for dexC, and 19% for malL. Only
8% of the isolates tested were positive for all the genes, while
3% were negative for all the genes. Sequencing of PCR am-
plicons revealed at least 74% similarity with the corresponding
fragment in the L. plantarum JDM1 and L. plantarum WCFS1
genomes.

Screening of metagenomes from different fermented starchy
foods. The results of gene detection in the metagenomes ex-
tracted from samples of different fermented starchy foods are
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FIG. 2. Distribution of genes involved in survival in the gastrointestinal tract, in folate and riboflavin synthesis, and in starch metabolism in
metagenomes extracted from different starch-rich fermented foods. Genes are given at the top, and their roles are indicated by the following color
code: purple, low-pH survival; blue, bile salt resistance; red, riboflavin synthesis; yellow, folate synthesis; orange, starch metabolism. In the
dendrogram, red indicates the absence of a gene, while green indicates its presence. The aguAd and 1r0085 genes are indicated in gray, because the
primer used did not allow the amplification of a single band. The dendrogram shows estimated relationships among the strains and was constructed
by average-linkage hierarchical analysis using Mev software, version 4.4 (56).

presented in Fig. 2. Almost all the PCRs led to the amplifica- strains (31). We performed molecular screening of a larger set
tion of a single band, reflecting the high specificity of the of genes involved in probiotic functions and in nutrition in
primers. The only exceptions were aguAd and 1r0085, which order to identify their distribution in 152 isolates and in the
displayed several bands, reflecting nonspecific amplification. metagenomes of amylaceous fermented foods. Microbial di-
Among the 33 genes screened, 16, including most of the genes  versity was limited to five species, among which L. fermentum
involved in riboflavin and folate SyntheSiS, were found in all the was dominant’ followed by P. pen[osaceus and L. plantamm‘
metagenomes. The main differences observed between the  Based on the PCR detection profiles of the 33 genes, cluster
food' samples concerned genes related to survival at low pHs, analysis showed that in general, isolates belonging to the same
survival after exposure to bile salts, and starch metabohsm. species were grouped together but in several separate clusters
Although all the samples of the fermented pearl millet slurries (e.g., L. fermentum, L. plantarum), pointing to the relative
tested (BT to BTS) were produced using the same traditional specificity of gene distribution and associated functions.
process, there were differences in their genetic profiles. For Species-level identification of the isolates enabled us to re-
example, the metagel.lome of sample BT1 harbored 90% of the duce in silico analysis by designing species-targeted primers.
genes related to survival at low pHs and after exposure to bile The 21 genes that were chosen because they are involved in
salts, while BTS harbored only 66% of them. All the foods . . . . .
gastrointestinal survival were found in several probiotic

h in thi ichi h hei .
chosen in this study were rich in starch, and their metagenomes strains whose genomes have already been sequenced (Lac-

shared a common set of genes related to starch metabolism tobacillus acidophilus NCFM, Lactobacillus gasseri ATCC

l(i,ﬁﬁ;:;alaﬁ{ daﬁg,ltt())lslé tlileosgeﬁlgrsyﬁgzo(d;{lfma_aglgsingerzi}g_ 33323, L. johnsonii NCC533, L. plantarum WCFS1, and L.
’ p1osp ) :  salivarius UCC118). We found that 82% of our bacterial col-

respectively) were not systematically detected, reflecting dif- lection h h h
ferent capacities or different possible pathways for starch me- ection harbored 14 of the 21 genes, and 63% of the metage-
nomes from fermented foods harbored at least 12 of these

tabolism. * )
genes. Only four of the genes were detected in all isolates:
one was the housekeeping gene groEL, but the others were
DISCUSSION nonessential: LBA1272, ditD, and LBA0493 (20). The exis-
Very few studies have dealt with molecular screening in ~ tence of a conserved domain in the DItD_M protein
bacterial genomes and metagenomes for genes involved in (pfam04918), involved in the biosynthesis of D-alanyl-lipo-

functions of interest for different food and health applications. ~ teichoic acid, and in the lysophospholipid acyltransferases
Five wine-related genes in 120 bacterial isolates belonging to  (cd07989), encoded by dltD and LBA1272, respectively, from
seven Lactobacillus species were recently screened (45). several Lactobacillaceae species could explain why these genes

Kaushik et al. (2009) used a PCR-based test to detect three were present in the entire bacterial collection. No such large
genes involved in probiotic functions in two L. plantarum conserved domains were identified in the aggregation-promot-

FIG. 1. Distribution of genes involved in survival in the gastrointestinal tract, in folate and riboflavin synthesis, and in starch metabolism in a
collection of 152 LAB isolates from fermented pearl millet slurries (indicated by orange bars on the right) and of strains used as positive controls
(indicated by green squares on the right). Genes are given at the top, and their roles are indicated by the following color code: purple, low-pH
survival; blue, bile salt resistance; red, riboflavin synthesis; yellow, folate synthesis; orange, starch metabolism. In the dendrogram, red indicates
the absence of a gene, while green indicates its presence. The dendrogram shows estimated relationships among the strains and was constructed
by average-linkage hierarchical analysis using Mev software, version 4.4 (56).
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TABLE 5. Results of the bile salt tolerance assay, expressed as the difference in growth in MRS versus MRSO medium*

Species and isolate or C:irm';vth o Presence or absence of the following gene“:
strain® el‘ay Sensitivity
(min) bsh clpL 1r1516 1r0085 1r1584 LBAO0552 LBA1429 LBA1446 LBA1679 LBA1432 LBA0493 gtf
L. fermentum
11 15+3  Tolerant + o+ + - + + + + - + + -
1.3 29+ 8 Tolerant + + — - + + + + — + + _
1.6 24+6 Tolerant + + + - + + —+ + — + + —
2.10 43 +18 Low tolerant + + + - + + + + — + + _
3.1 10 £ 8.0 Resistant + + - - + + + + — + + —
3. 35+1 Tolerant + + + - + + + + - + + —
392 33 =21 Tolerant + + + - + + + + — + + —
4.9 375+2 Tolerant + + - - + + + + — + + _
6.4.2 99 + 38  Sensitive + o+ + - + + + + - + + -
11.1 27 =12 Tolerant + o+ + - + + + + - + + -
11.11.1 91 =27  Sensitive - - + - - + + + — — + _
IFO 3956* 14 = 10.5 Resistant + + + — + + + + — + + —
L. paraplantarum
4.1 9 +13  Resistant + + + - + + + + + + + —
44 3111  Tolerant + o+ + - + + - + + + + -
7.8.1 6+8 Resistant + + + - + + + + + + + -
7.8.2 7+2 Resistant + + + - + + + + + + + -
L. plantarum
2.1 4=*4 Resistant + o+ + - + + + + + — + -
11.3 22+2 Tolerant + + + - + + + + + + + —
11.5.2 16 =19  Tolerant + + + - + + + + + + + —
11.6.2 24 =17  Tolerant + + + - + + - + + + + —
WCFS1* 29+5 Tolerant + o+ + - + + + + + + + -
L. salivarius 4.6 34+2 Tolerant + + - - - + + - — + n _
Leuconostoc mesenteroides 78 =19  Sensitive - + — - + + + + + + + —
ATCC 8293*
P. acidilactici
12.6 9+ 10 Resistant + + + - + + + + + + + -
12.8.2 11+9 Resistant + - + - - + + + + —+ + -
12.9 34 Resistant + o+ + - + + + + + + + —
P. pentosaceus
6+2 Resistant + + + - + + + + + + + —
8.6 7+6 Resistant + + + - + + + + + + + -
8.9 14 =12  Resistant + 4 + - + + + + + + + —
8.12 12 + 17  Resistant + + + — + + + + + + + -
9.1 154 Tolerant + o+ + - + + + + + + + -
9.3.2 22+2 Tolerant + o+ + - + + + + + + + -
9.10 3+2 Resistant + + + - + + + + + + + -
10.6.2 1+£10 Resistant + + + - + + + + + + + -
10.7 55 +27 Low tolerant + + + - + + + + + + + _
11.8 209 Tolerant + + + - + + + + + + + —
11.9 23 =11  Tolerant + - + - - - + + + + + -
ATCC 25745* 7+4 Resistant + + + - + + + + + + + -

“ Measured by an increase of 0.3 U in A5, during the early-exponential-growth stage.

" Asterisks indicate reference strains used as positive controls in the PCR assays.

¢ Genes involved in tolerance to bile salt. +, presence; —, absence.

ing protein LBA0493, but the wide distribution of the corre-
sponding gene among Lactobacillus species and the existence
of a small conserved sequence confined mostly to the C-ter-
minal region of the protein (22) could explain the detection of
this gene in all the bacteria. Less frequently detected genes
were gtf, aguA, odc, tdc, hdc, and 1r0085, which were found in
0% to 4% of the 152 isolates. The gtf gene was detected only in
L. fermentum 5.11 and in two metagenomes. Since no other
data were available, the primers used to detect this gene were
designed on the basis of sequences from Lactobacillus dioliv-
orans, Pediococcus parvulus, Pediococcus damnosus, and L. sue-
bicus. This gene codes for glycosyltransferase, an enzyme that,
in addition to its role in survival, is also involved in beta-glucan
production. This exopolysaccharide may modify the organo-
leptic properties of the food and has also been reported to
have many health-promoting properties (58).

Among the genes screened for survival at low pHs, it is

noteworthy that there were two clearly defined groups (Fig. 1):
one group that was detected in most of the isolates (cIpL,
Ir1516, LBA1272, ditD, La995, La57) and a second group that
was less frequently detected (gtf, aguA, odc, tdc, hdc). However,
despite the presence of genes belonging to the first group in
most of the 152 isolates, nearly half the isolates did not survive
for 1 h at pH 2. All L. fermentum isolates tested in vitro
presented remarkable resistance to pH 2 despite the absence
of genes from the second set, in contrast with the results of
functional analysis, which showed that the odc and aguA genes
were involved in survival at low pHs (2, 65). However, only a
few LAB harboring one of these genes had variable but low
survival abilities at low pHs, ranging from 0 to 2 h.

Despite the wide distribution of the first set of genes and the
occasional occurrence of some of the second set, no relation-
ship was found between the presence of these genes and low-
pH-survival capacity. This screening failed to preselect isolates



8732 TURPIN ET AL.

that were able to survive at low pHs, underlining the difficulty
of selecting markers that would enable an appropriate molec-
ular strategy to be designed. Nevertheless, the detection of
genes involved in other functions could be useful for future
metabolic investigations. For example, the aguA, odc, tdc, and
hdc genes are also involved in putrescine, histamine, and ty-
rosine formation and have been studied mainly for their toxi-
cological effects (24). As a result, their low frequency should be
considered a positive characteristic given the potential delete-
rious effect on health of biogenic amines in foods. The genes
reported to be related to bile salt resistance were widely dis-
tributed in the collection. Resistance to bile salts was also high
in the 38 isolates tested. The important role of bsh genes in
several LAB species has been extensively discussed, but it is
still difficult to assess their role in bile salt survival (14, 17, 34,
42). In our study, L. fermentum 11.11.1 and the collection strain
Leuconostoc mesenteroides ATCC 8293, lacking bsh, were
shown to be sensitive to bile salts. The /rl0085 and gtf genes did
not appear to play a functional role in bile salt resistance, since
their absence in all isolates and reference strains did not affect
the tolerance of these isolates to bile salts. The same was true
for the LBA1679 gene, which was absent in all L. fermentum
isolates tested and in L. salivarius 4.6. However, the low bile
salt tolerance of wild isolates and of the reference strain con-
comitant with the absence of bsh, the conserved regions in bsh
genes from different LAB species, and the reported role of the
corresponding hydrolases in the deconjugation of bile salts by
LAB belonging to different species (29, 34) make this marker
the best available target, at least enabling the exclusion of
isolates without this gene.

Analysis of LAB isolates from the fermented pearl millet
slurries showed that despite the expected high potential for
survival at low pHs revealed by molecular data, isolates were
more frequently tolerant of exposure to bile salts than of low
pHs. When the metagenomes of the five traditional fermented
pearl millet samples were examined, the distribution of genes
for pH resistance was shown to be similar to that in the iso-
lates, and four samples out of five were positive for bsh. In
addition, three samples were positive for odc. Variability
among pearl millet slurries indicates that the same type of food
produced in different production units located in the same
geographical area (Ouagadougou, Burkina Faso) will not nec-
essarily have the same functional potential.

Studying survival in the gastrointestinal tract using genetic
screening is complex due to its multifactorial character, which
combines different metabolic functions, making the choice of a
pertinent marker difficult. On the other hand, this approach is
simpler when more-focused and well-defined metabolic path-
ways are targeted, for example, biogenic amine synthesis or
other characteristics of interest, such as vitamin B synthesis
and starch degradation. Vitamin B synthesis by LAB offers
interesting perspectives for both food fortification and probi-
otic applications (7, 27, 43, 54). But despite some evidence for
higher vitamin B contents in fermented cereal foods, informa-
tion on the capacity of LAB from cereal-based fermented
foods to produce B vitamins is surprisingly scarce (9). Both in
our LAB collection and in the metagenomes of the starchy
fermented foods, genetic screening revealed a high potential to
produce folate and riboflavin, whereas the genomes of the
reference strains lack some of the genes coding for the synthe-
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sis of these vitamins (7, 11, 33, 41, 44). Genes involved in folate
and riboflavin synthesis were well distributed among the six
Lactobacillus and Pediococcus species. Lactobacillus species
are usually auxotrophic for B vitamins (5, 48). However, com-
pared to other raw materials of plant origin, processed cereals
are poor sources of B vitamins, and this phenomenon probably
represents a selection pressure for LAB with the ability to
produce B vitamins. Nevertheless, it should be borne in mind
that even though yeasts are minor components of the micro-
biota of such foods (62), they can also be a source of B vita-
mins. The potential of the isolates and the metagenomes re-
vealed by our study opens the way for future research on the
production of B vitamins by LAB in fermented cereals or other
plant foods.

The ecological flexibility of certain LAB species, such as L.
plantarum, or their specificity to certain environments is due to
their capacity to metabolize and/or transport different types of
carbohydrates and/or to modulate their metabolic pathways
(4). Given that starch is a carbon and energy source, only a few
LAB are able to use this substrate. Nonetheless, amylolytic
LAB (ALAB) are common members of the microbiota of
amylaceous fermented foods (23). Screening revealed high ge-
netic variability related to starch metabolism and led to a
clearer picture than that for the other groups of genes, prob-
ably reflecting complex interactions with the food matrix and
between the LAB species in their particular food niche. The
majority of our isolates displayed the potential for starch hy-
drolysis, mainly through the presence of a-amy (the a-amylase
gene) and, to a lesser extent, dexC (the neopullulanase gene).
Partial starch hydrolysis by a-amylase to liquefy starch is a
potentially useful characteristic that could be exploited to im-
prove the energy density of gruels used for the complementary
feeding of young children (46). Furthermore, the presence of
dexC suggests that pullulanases may also play a role in starch
hydrolysis by ALAB. The contribution of pullulanases to mod-
ifying the rheology of fermented gruels has not yet been inves-
tigated and deserves further attention. The high potential for
a-amylase synthesis in many isolates belonging to the L. plan-
tarum and L. fermentum species is consistent with the fact that
amylolytic isolates from these species have frequently been
recovered from starchy fermented tropical foods (23). As ex-
pected from their reported «-amylase activity (1, 18), the
ALAB strains used as positive controls, L. plantarum A6, L.
fermentum Ogi E1, and L. fermentum MW?2, were positive for
a-amy, and a-amy was often associated with genes coding for
enzymes that enable the use of maltose, i.e., malP (encoding
maltose phosphorylase) and/or agl (encoding a-glucosidase).
Among isolates that do not have a-amy or dexC, mainly a few
P. pentosaceus and L. fermentum isolates, some nevertheless
have the potential to use maltose (malP, agl), suggesting that
they could establish a trophic relation with ALAB. In addition,
a-glucosidase activity was detected in L. fermentum Ogi E1 (8),
whereas the strain showed no maltose phosphorylase activity,
consistent with the presence of agl and the absence of malP.
However, both genes were present in some L. fermentum iso-
lates, suggesting some flexibility in maltose metabolism within
the same species.

Analysis of the metagenomes of the starchy foods gave a
rather narrow view of amylolytic potential compared to the
presence of the other groups of genes tested, except for those
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encoding amino acid decarboxylases. Unexpectedly, two out of
five metagenomes from fermented pearl millet slurries were
not positive for the presence of a-amy and dexC, pointing to
possible alternative metabolisms or carbon sources for energy
generation and growth. It is interesting that these two metage-
nomes clustered separately from those of the other pearl millet
samples and shared characteristics with the attiéké metag-
enome, including the absence of genes encoding amino acid
decarboxylases. Even though our main purpose here was to
examine the feasibility of using molecular screening by apply-
ing the method to a limited number of food metagenomes in
different categories, we observed that French wheat sourdough
differed from its tropical counterparts. This may be only an
occasional phenomenon, and in order to draw conclusions,
molecular screening would have to include a larger number of
samples from different locations in a dedicated study. In addi-
tion, the metagenomic approach did not differentiate between
prokaryotic and eukaryotic DNAs (mainly from yeasts, which
share the same ecological food niche with LAB). Therefore,
some useful functions may also be shared with yeasts, even if
these are not dominant in the food microbiota.

In conclusion, genetic screening is a promising way to assess
the potential of microbiotas for specific functions and to orient
strategies for ecological studies. Indeed, this approach re-
vealed that traditional African cereal-based fermented foods,
as in the “ben-saalga model,” have the genetic potential for
functions of interest in both probiotics and nutrition. In par-
ticular, thanks to their ability to survive the conditions prevail-
ing in the gastrointestinal tract, L. fermentum isolates merit
further investigations to assess their probiotic potential.
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